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Introduction
The processes of growth of crystals until recently largely depended on the technologist, as far as he was inventive and talented. Now science has stepped forward. Modern installations allow to obtain various crystals of a wide range. This became possible due to the fact that the processes and phenomena that occur in crystallization apparatuses during the growth of crystals, and, most importantly, on the surface of the crystal itself, began to be studied in greater depth and quality.
The science of the growth of crystals develops and at this stage continues to open new facets. After all, for example, the transistor effect and laser radiation were made on crystals -respectively, germanium and ruby. The number of publications in this area in the last 40 years has doubled on average every 10 years, which indicates the relevance of the development of this area of research. This, on the one hand, leads to the fact that some of the literature is obsolete and partly losing relevance. And on the other hand, it is in the last few years that critical series surveys have taken place, encompassing specific narrow crystallization directions, which are devoted not only to specific methods of growing crystals, but to certain classes of materials.
And this means that the aspects of this research problem do not fall out of the field of view of scientists, are relevant and worthy of further detailed study.
The object of research and its technological audit
The object of this research is the growth of crystals. These processes are considered using the example of the Kossel model.
The model is a plane-faced crystal in the form of cubes. Two mechanisms of crystal growth are considered.
With the first mechanism, during the growth of the crystal, the growing surface moves due to the lateral displacement of the steps (a layered mechanism); in the second, a continuous movement along the normal to the surface occurs (a normal mechanism).
A problematic issue when growing crystals with these mechanisms from the melt is the preservation of the purity of the metal itself, especially if it is in the container in the molten state for a long time.
The grown crystal must be further machined, as a result of which it deforms and loses its shape. That's why it needs to be recrystallized. However, the «recrystallization» concept is quite difficult, if to carry out this process with violations, this will lead to a change in the number, shape, size, perfection, and orientation of the crystals themselves.
A number of problematic issues will arise even if the thermal conditions of the process are not observed, supersaturation or supercooling of process parameters, disturbances in the supply of oxygen to the chamber.
When applying the layer-by-layer mechanism of crystal growth, it should be noted that the problem is the formation ISSN 2226-3780 of two-dimensional «embryos». This process is quite sensitive to supersaturation, and the probability of carrying out this process at rates below 45-50 % is quite small.
When using the «normal» crystal growth mechanism, the problematic issue is that it is necessary to observe the condition that there must be enough «energetically favorable» sites for fixing the atoms on the surface, which is not always feasible.
The aim and objectives of research
The aim of research is analysis of crystal growth processes using the Kossel model as an example.
To achieve this aim, it is necessary to solve such problems: 1. To investigate the layer-by-layer mechanism of crystal growth using the model of a plane-faced crystal as an example.
2. To investigate the normal mechanism of crystal growth on the example of the model, determine the positive and negative aspects of the process.
Research of existing solutions of the problem
The problems of crystal growth and methods of obtai ning them are a promising direction in the study of modern science. Therefore, any source of literature is interesting enough and attractive. There are a fairly large number of methods for growing different groups of crystals, which are described in the literature.
In particular, in [1] [2] [3] [4] the so-called container methods for growing crystals are examined in detail, methods for «stretching» crystals are investigated in [5] [6] [7] [8] . In [9] [10] [11] , the use of an electric field in crystal growth is discussed in detail, and here it should be noted both the positive aspects of the evaluation of the use of this method [12, 13] and negative ones [14] .
Whole reviews are devoted to various methods and groups of growing crystals, as described in [15] [16] [17] [18] [19] , including the use of chemical reactions [20, 21] .
The growth of whiskers is widely discussed during conferences, as indicated in [22] [23] [24] [25] .
Methods for obtaining crystals are generalized in [26, 27] , which is described in general in [28, 29] .
The properties of crystals and their investigation are reflected in [30] [31] [32] [33] [34] , in particular, and in [35] .
A sufficient number of literary sources cover the issues of conducting practical experimental studies. In particular, in [36] [37] [38] [39] -these are the results of studies of crystal growth from the vapor phase, and in [40] [41] [42] [43] -using zone melting with a solvent.
The 21st century is also marked by new experiments in this direction. Theoretical and experimental studies of the formation of filamentary GaAs and AlGaAs crystals by molecular beam epitaxy are described in detail in [44] . In the present study, in order to account for the diffusion contribution to the growth of whiskers, the growth model of such crystals is considered by the above method. In this case, the proposed model takes into account both the growth of threadlike crystals by the «vapor -liquid -crystal» mechanism due to the adsorption of atoms on the droplet surface and the diffusion growth due to the fact that the atoms entered the drop from the substrate through the side surface of the crystal, which is described in detail in [45, 46] .
The results of the experiment on GaAs (111) B substrates are presented in [47] , on which the Au layer was previously deposited in the VUP-5 facility. Here a threestage method for the formation of whiskers and completely described the dynamics of the experiment are considered.
The paper [48] describes the growth of whiskers on surfaces activated by a catalytic substance. In [49] , features of the structure of materials based on cuprates and manganites are considered, and in [50] the differences in the morphology of the crystallites of amino acids growing on silicon substrates with a symmetrical and asymmetric surface relief are analyzed. It is shown that only in the second case a growth spiral is formed.
It was at the beginning of the 21st century that the attention of scientists was drawn to the research of nanotubular structures based on 3d element oxides, in particular on the basis of vanadium oxide, which is indicated in [51] . The data of transmission electron microscopy (Belgium) are given in [52] , which revealed the direction of whisker growth and optical microscopy (Japan) data on thin whiskers extracted from the chloride flux.
The results of theoretical and experimental studies of the formation of whiskers in the course of solid-phase reactions in reaction mixtures of refractory titanates of alkali and alkaline-earth metals, as well as oxides, are presented in [53] . It is established that solid-phase transformations initiated by border migration lie at the basis of whisker formation processes. In [54, 55] , the problems of growing whiskers of inorganic compounds from solution-melts of various compounds are analyzed.
Thus, the above data underscore the fact that the problem is promising, interesting, causes deep discussions, disputes. Scientists do not hesitate to express their opinion and in some cases, a multi-polar one among themselves, which emphasizes once again the fact that this direction of scien ce is rapidly developing.
Methods of research
The following methods are used during the research: -statistical analysis (to determine the positive and negative aspects of the use of crystal growth mechanisms); -analysis of research results (to determine the dynamics of the use of a particular mechanism for growing crystals); -hypothetical-deductive method (when acquainting the actual research material in the field of growth of threadlike crystals, which additionally require in-depth analysis of information sources); -method of generalizing the results (to establish the general properties and trends characteristic of the investigated crystal growth mechanisms).
Research results
If consider in general the typical process of crystal growth, then it is nothing more than a chemical reaction of the type:
1. The solid phase is a crystal. 2. The liquid phase is a crystal. 3. The gas is a crystal. Undoubtedly, the most interesting are the processes of growing crystals from solutions or melts. If consider the ISSN 2226-3780 processes of growing crystals in solutions, then during the cooling of such solution, it is uniquely supersaturated and as a result, the excess material becomes a crystal. If the solvent itself evaporates, the solution is again supersaturated, and crystals are formed in the dissolved substance.
In the process of heating the crystals to the melting point, they melt, and the crystal lattice breaks down, and the crystals become an amorphous liquid. In the process of cooling at a temperature below the melting point, again a large number of crystals appear in the solidifying melt.
The growth of such crystals in the first stage is quite arbitrary, since the dimensions of the crystals are small, and they have the shape of a regular polyhedron. If two growing crystals meet each other, this means stopping their growth. After that they already have an irregular shape and form a polycrystal with a free orientation and a large number of crystalline grains.
Two types of crystallization are considered in papers [56, 57] If to talk about the mechanisms of crystal growth, then there are basically two of them in principle. In the first case, during the growth of the crystal, the growing surface moves due to the lateral displacement of the steps (a layered mechanism), in the second, a continuous movement along the normal to the surface occurs (a normal mechanism).
6.1. Layer-by-layer crystal growth. In this paper, the regularities of the mechanisms of crystal growth are examined using the example of the Kossel model.
The model is a plane-faced crystal in the form of cubes. The structure of the crystal is such that the neighboring cubes have common faces, and each lattice has six neighbors inside the lattice. Fig. 1 shows the model of layer-by-layer crystal growth. A single atom (cube) in this case to the crystal surface can join only one face (1) . At the same time, it can tear itself away and will not hold firm. The growth of the layer is preceded by the formation of a monolayer, and it is to its edges that the atom will be joined by two faces (2) . However, the process of layer growth begins actively in the case of the formation of a triangular corner, to which the cube is already joined by three faces (3). In the future, the mechanism will be repeated cyclically, the layers will be built, forming the crystal itself.
This construction mechanism helps to build the correct crystal structure, completely symmetrical. The face will be moved laterally by the lateral propagation of the steps and, therefore, such a crystal growth mechanism is called layered.
The growth of crystals can also be considered on a twodimensional model (Fig. 2) . In this model, the stage disappears and in order for the crystal to grow, step sources are needed, and a new step on the face may appear when a two-dimensional embryo appears.
In Fig. 2 , it can be seen that a new layer may appear only after the formation of the previous layer has been completed. If this does not happen, a new layer will not appear.
The Kossel model is quite simple and shows only the modeling of the process, in fact, the growth of crystals is much more difficult. At the same time, it is necessary to take into account, at least, the inverse dissolution process, the violation of supersaturation or supercooling of solutions on the growing surface of the crystal, and many other factors. If this is not taken into account, the processes of normal growth of the crystal and its degree of perfection will be violated.
Investigations of crystal growth by this mechanism have shown that the energy of adsorption of intrinsic particles on the surface of the crystal itself is different. In a state of saturation at a certain temperature and concentration of matter in a medium, the number of ions that attach to the surface of the crystal per unit time and are separated from it are practically the same.
It is clear that near the top of the crystal and partly its edges, the adsorption energy is higher than on the smooth surface of the face, so it is here that the particles will stay longer and their density in these areas will be higher. Therefore, while maintaining a certain predetermined temperature, it is possible to increase the necessary supersaturation indices. And this will lead to the preservation of the required desorption rate.
In turn, these actions will lead to the fact that an increase in concentration will increase the flow of particles to the face, which will certainly lead to an increase in the number of adsorbed particles. And, as noted at the beginning of the article, for a further steady increase in the size of the islets (embryos) it is necessary that it (the embryo) reach a size that corresponds to the desired curvature of the end face of the layer. And, of course, the nucleation of such layer will occur precisely in the places of the greatest accumulation of particles, that is, near the top of the crystal (its edges).
Well and in the further the formed layer will extend on the verge, and on fractures of its end face particles will be adsorbed most strongly and for considerable time interval. At the time when the layer completely covers the entire face, the step will disappear and a certain time will be required until a new two-dimensional germ begins to combine, first of all, the thermal fluctuations and, subsequently, the concentration fluctuations. This embryo will provide the possibility of overlapping the face with a newly formed layer. The existence of two-dimensional ISSN 2226-3780 nuclei and the growth of a face by layers of matter were experimentally proved in the study of the dislocation-free faces of silver crystals, as indicated in [58] .
However, it should be noted that if the layer grows, the face must be perfectly smooth, which corresponds to this crystal growth mechanism. However, on the faces of the crystal there is really no smooth surface, it can be sufficiently embossed with well-defined growth bumps. And the rate of growth of crystals is actually higher than the speed that is considered in the example of the model. Fig. 3 shows various crystals that are grown by a layerby-layer mechanism [58] . It shows the dislocation mechanism of crystal growth (a spiral version), which is characteristic for both natural and artificial crystals.
6.2. Normal crystal growth. The Kossel model allows to consider the processes of normal growth of crystals. Given the existence of short-range relationships (attraction between cubes having common faces), it should be recognized that atoms of other faces that do not have such attraction can't grow by a layer mechanism. After all, unambiguously, the attachment of atoms to such face occurs uniformly and then the growth will go all along the line along the normal to its surface. That's why such mechanism is called normal (Fig. 4) . The most stable form of crystals is equilibrium. The processes of this direction were carried out by the scientists -Curie, Kossel, Wulff and others. As a research result, it is found that in ionic crystals the crystal growth form is similar to the equilibrium one. The vertices and edges of such crystals are not dulled by faces. Fig. 5 shows examples of the equilibrium shape of some crystal compounds. Also, studies have shown that in nonpolar crystals, for example, with a metal bond, the growth form is not equilibrium. In this case, the particles in the vertex are connected with the crystal itself more weakly, and when detached from the crystal, they are detached from them, which leads to the appearance of new faces. Fig. 6 shows an example of the equilibrium shape of a nonpolar crystal. The carried out researches have shown that the perfect crystal, as well as the equilibrium form, can arise only at small supersaturations. And the problem of maintaining the homogeneity of the crystal increases in proportion to the growth of the crystal itself and an increase in the supersaturation degree.
The process of growing a crystal in a stationary state is considered. If gradually increase the intensity of the oxygen flow, then the layer of material that crystallizes will melt. The resulting melt will flow from the crystal head to its edge, and a roller will form on the lateral surface.
The position of the free surface of the liquid in the region adjacent to the edge of the crystal will be determined by the angle formed by the normals to the surface of the liquid and the crystal growth direction. With an increase in such angle, the energy losses will increase due to the radiation of the heat of the roller, which will lead to the crystallization of part of the melt. And this process will occur until an excessive amount of melt is formed under the influence of the flow of oxygen. In this case, the crystal will constantly grow with increasing oxygen intake.
Thus, the angle at the top of the growing crystal will be determined by the rate of increase in the flow of oxygen, as confirmed in [59] . Fig. 7 shows ice crystals that are formed just by the normal mechanism of crystal growth in windy weather and high speed of movement [58] .
ISSN 2226-3780 Fig. 8 shows crystals grown by the normal mechanism of crystal growth [58] . The process of growing a crystal, therefore, depends essentially on the thermal conditions in the roller vici nity. These conditions should ensure the flow of the melt, its accumulation and the immediate crystallization of the material. In turn, crystallization is impossible without a selected temperature gradient along the crystal gradient itself.
If consider the factors that affect the thermal conditions in the growth of crystals, then should pay attention to the flame shape, the thermal characteristics of the crystallization chamber itself, the burner design, and also the material and construction of the chamber itself.
The carried out researches have shown that infringement of the given conditions will lead to melting of a crystal in those places where these conditions have been broken.
The review and analysis of the research results shows that whiskers have a sufficiently high melting point and strength, they have a high modulus of elasticity. Many threadlike crystals are inert to various materials, includingmetal, polymer and even ceramic, and to very high temperatures. Unlike polycrystalline fibers, whiskers are not subject to recrystallization processes. Namely, such processes can cause a sharp drop in strength at high temperatures.
The review shows that whiskers have unique electrical and optical characteristics. That is why thin films of such crystals are widely used in transparent conducting electrodes and solar batteries, and the doping processes allow obtaining materials that have good sensory characteristics.
The conducted experiments shows that whiskers of refractory metals and compounds are obtained, as a rule, by the method of deposition from the gas phase in hightemperature furnaces of different action -from periodic to continuous. In this case, the conductivity of the crystal can be detected by an external device, since antibodies are attached to the crystal, which interact with the «hostile» molecule, which in turn is large and carries a charge. Thus, by attaching to the nanocrystal through the antibody, it causes a change in the conductivity of the crystal.
SWOT analysis of research results
Strengths. When layer-by-layer mechanism of crystal growth is used, the strengths of the process are:
1. When this crystal growth mechanism is used, crystals of a regular symmetrical structure are obtained.
2. The process of crystal growth is fairly consistent, a new layer can appear only after the formation of the previous one has been completed.
With a normal crystal growth mechanism, the strengths are: 3. The surfaces of any orientation of the crystal, including the irrational ones, move parallel to itself, as a result of which we have rounded crystal surfaces that have grown from the melt.
4. With the growth of crystals from the melt under conditions of high temperature gradients and with the motion of the melt, the normal growth of the crystal is usual and not complicated enough.
5. The normal mechanism of crystal growth effectively works exclusively in a mobile environment. The curvature of the crystal surface in this case generally corresponds to the curvature of the isothermal surface.
6. The normal crystal growth mechanism is effective when there are non-singular surfaces with a large number of attachment sites. Particles can thus be attached almost anywhere, which causes the parallel movement of the surface of the growing crystal.
Weaknesses. The disadvantages of carrying out the processes of growing crystals by a layered mechanism include:
1. This growth mechanism is realized only in the presence of steps on the surface of the substrate, the source of which, in particular, is the natural roughness of faces with large Miller indices.
2. At a low temperature close to T=0 K, the step front is atomically smooth. In this case, the thermal fluctuations that appear at finite temperatures lead to the appearance of kinks in the steps.
3. The process of formation of two-dimensional «em-bryos» is sufficiently sensitive to supersaturation, and the ISSN 2226-3780 probability of its occurrence at rates below 45-50 % is sufficiently small.
The disadvantages of carrying out the processes of growing crystals by a normal mechanism include:
1. The mechanism is not effective for a smooth crystal surface.
2. The need to take into account a number of factors directly affecting the processes of crystal growth and the degree of its perfection (dissolution, supersaturation, cooling of the solution, etc.).
3. It is necessary to observe the condition that there must be enough «favorable» places on the surface for fixing the atoms, which is not always feasible.
Opportunities. Investigations of crystal growth mechanisms have shown that they are sufficiently effective in terms of obtaining the necessary configuration and modification of the crystals themselves. With a controlled and accurate observance of the parameters of the carried out processes, it is possible to preserve the desired properties and indices of the resulting crystal.
Threats. A problematic issue in growing crystals with these mechanisms from the melt is the preservation of the purity of the metal itself, especially if it is in the container in the molten state for a long time [60] . The crystal must be further machined, as a result of which it deforms and loses its shape. That's why it needs to be recrystallized. However, the process of recrystallization is rather complicated, if it is carried out with disturbances, this will lead to a change in the number, shape, size, perfection and orientation of the crystals themselves [61] .
Conclusions
1. The layer-by-layer mechanism of crystal growth is investigated. Studies have shown that when realizing the growth of crystals using this mechanism, one should pay the most serious attention to the formation of twodimensional nuclei and the supersaturation of solutions.
2. Investigations of crystal growth by the «normal» mechanism show that when using such growth mechanism, it is necessary to strictly observe the condition that:
-on the surface there should be quite a lot of «ener-getically favorable» places of fixation of atoms; -the state of the surface here is the decisive factor in the process.
